ABSTRACT. In rodents, Gα i2 -expressing sensory neurons (SNs) that co-express vomeronasal receptor type 1 (V1R) are specifically found in the vomeronasal organ (VNO) and project their axons to the accessory olfactory bulb (AOB). In goats, however, Gα i2 /V1R-expressing SNs exist in both the VNO and the olfactory epithelium. Thus, we examined whether the Gα i2 -expressing axons functionally project to the main olfactory bulb (MOB). We analyzed the expression of Gα i2 in the olfactory bulb and found small Gα i2 -immunoreactive clusters in the MOB. The Gα i2 -immunoreactive axons in these clusters made synaptic contacts with second-order neurons in the MOB. These results suggest that some Gα i2 -expressing SNs functionally project their axons to the MOB in goats. KEY WORDS: accessory olfactory bulb, Gα i2 , goat, main olfactory bulb, projection.
Most mammals possess two olfactory organs: the olfactory epithelium (OE) and the vomeronasal organ (VNO) [1] . In rodents, Gα olf -positive sensory neurons (SNs) in the OE co-express the olfactory receptors (ORs) and detect conventional odors [1] . These SNs project their axons to the main olfactory bulb (MOB) [1] . In contrast, Gα i2 -and Gα o -positive SNs in the VNO co-express the vomeronasal receptor type 1 (V1R) and the vomeronasal receptor type 2 (V2R), respectively, and detect chemical signals such as pheromones [4] . These vomeronasal SNs specifically project their axons to the accessory olfactory bulb (AOB) [4] .
Similar to rodents, Gα olf -expressing SNs in goat OE project their axons to the MOB. However, Gα o is not expressed in the goat VNO [8] , and functional V2R genes have not been identified in goat genome [10] , suggesting that goats have only the V1R-Gα i2 pathway in the vomeronasal SNs. In addition, V1R/Gα i2 -expressing SNs exist not only in the VNO but also in the OE [11] . Thus, it would be interesting to know whether a subset of the Gα i2 -expressing axons projects to the MOB and forms glomeruli in it, even though the goat AOB has been reported to receive the Gα i2 -expressing axon terminals [8] . Then, using a specific antibody against Gα i2 , we analyzed the expression of Gα i2 in goat olfactory bulb (OB).
Adult female (n=6) and male (n=1) shiba goats (Capra hircus) were maintained at the National Institute of Livestock and Grassland Science (Tsukuba, Japan). All experiments were approved by the Committee for the Care and Use of Experimental Animals in the National Institute of Agrobiological Sciences, Japan (H18-003-1). The preparation of goat tissues and the Nissl-stained section of the OB was described by Mogi et al. [7] . The immunohistological procedures were described previously [5] .
First, we examined the specificity of the monoclonal mouse anti-Gα i2 (MAB3077; Millipore, Billerica, MA, U.S.A.) and the polyclonal rabbit anti-Gα olf (COP-080058; Cosmo Bio, Tokyo, Japan) with western blotting [5] , because these antibodies have not been used in the goat olfactory system. Briefly, cell lysates derived from the olfactory epithelium of the female goats were electrophoresed on an SDS-polyacrylamide gel, and the separated proteins were electroblotted onto transfer membranes. The membranes were incubated with anti-Gα i2 (MAB3077) (1/200) (Fig.1,  lane 1) , polyclonal rabbit anti-Gα i2 (Wako Pure chemical Industries, Ltd., Osaka, Japan) that was reported to detect Gα i2 in goat olfactory system [8, 9] (1/5,000) (Fig.1, lane  2) , and anti-Gα olf (1/1,000) (Fig.1, lane 4) , respectively. As negative controls, the membranes were treated without primary antibodies (Fig. 1, lanes 3 and 6) or with preabsorbing anti-Gα olf , which was prepared by incubating anti-Gα olf with the antigen as described in elsewhere [5] ( Fig. 1, lane 5) . These membranes were then incubated with goat anti-mouse or anti-rabbit antibodies (1/2,500; PerkinElmer), which were conjugated to horseradish peroxidase. The enhanced chemiluminescence western blotting analysis system (GE Healthcare, Little Chalfont, U.K.) was used to detect positive signals. As shown in Fig.1 , anti-Gα i2 (MAB3077) and anti-Gα i2 (Wako) specifically reacted with a protein of 41kDa in the cell lysates (asterisks in lanes 1 and 2). Anti-Gα olf detected a single band of molecular . These results show that anti-Gα i2 (MAB3077) and anti-Gα olf specifically react with Gα i2 and Gα olf , respectively, and thus the expression of Gα i2 can be distinguished from that of Gα olf with these antibodies. A schematic illustration of the goat olfactory system is shown in Fig. 2A . The axons of the Gα olf -expressing SNs in the OE (green arrows) project to the glomerular layer (GL) of the MOB (green area in the MOB), whereas the axons of the Gα i2 -expressing SNs in the VNO (red arrows) run along the medial aspect of the OB and terminate in the GL of the AOB (red area). The AOB is clearly distinguishable from the MOB, because of its own multi-layered cellular architecture (Fig. 2B arrow) [7] .
For immunohistological studies, goat anti-mouse IgG and goat anti-rabbit IgG conjugated to either Alexa Fluor 488 or 568 (1/200; Invitrogen, Carlsbad, CA, U.S.A.) were used as secondary antibodies. In some cases, rabbit anti-olfactory marker protein (OMP; 1/100) was used [9] . The images were processed with Adobe Photoshop CS3 (Adobe Systems, San Jose, CA, U.S.A.). OB sections of the female goats were cut horizontally (10 µm thick) and immunostained with mouse anti-Gα i2 (MAB3077) (1/200) and rabbit anti-Gα olf (1/100). As expected, the GL of the MOB strongly expressed Gα olf (Fig. 2C, asterisks) , whereas the GL of the AOB expressed Gα i2 (Fig. 2C, red area enclosed by dotted line) . In addition to the strongly Gα i2 -immunoreactive AOB, we identified small Gα i2 -immunoreactive clusters located outside the AOB (Fig. 2C, boxed area) . High magnification of these clusters (Fig. 2C') showed that they included at least several Gα i2 -immunoreactive glomeruli (Fig. 2C', arrow) . In these clusters, OMP, which is generally accepted as a marker of mature SNs in olfactory organs [6] , was strongly expressed (Fig. 2D') , and the expression overlapped with that of Gα i2 (Fig. 2D-D" ). These Gα i2 -immunoreactive clusters were mainly distributed in the caudal MOB, and some of them (Fig. 2E, arrow) were adjacent to Gα olf -immunoreactive glomeruli (Fig. 2E, asterisks) . These results suggest that the axon terminals of the Gα i2 -expressing mature SNs in the olfactory organs converged onto the glomeruli in the caudal MOB. We also observed very small Gα i2 -immunoreactive axons that were lined up along the lateral sides of the OB (Fig. 2C, arrow) .
To analyze the fine structures of the Gα i2 -immunoreactive clusters, the OB was examined with electron microscopy. The OBs of the female goats were fixed and cut horizontally (10 µm thick). The sections were incubated with anti-Gα i2 (1/200), followed by incubation with biotinylated goat anti-rabbit IgG (BA-1,000; 1/200; Vector, Burlingame, CA, U.S.A.). Positive signals were visualized using a chromogen solution containing 3,3'-diaminobenzidine (DAB; DAB substrate kit; Vector). The sections were postfixed with osmium tetroxide, dehydrated, and embedded in epoxy resin (Auetol 812; Nisshin EM, Tokyo, Japan). Ultrathin sections were cut and mounted on Formvar-coated copper grids. After staining with uranyl acetate and lead citrate, sections containing Gα i2 -immunoreactive clusters were observed with an electron microscope (H-7500; Hitachi, Tokyo, Japan). The axon and the axon terminal of a Gα i2 -expressing SN were DAB positive (Fig. 3A, asterisks) . The morphological characteristics that identify synapses such as postsynaptic densities on the dendrite of the postsynaptic neurons ( Fig. 3B and 3C , arrows) and synaptic vesicles in the Gα i2 -immunoreactive presynaptic axons (Fig. 3B and 3C , arrowheads) were clearly identifiable. These results indicate that Gα i2 -expressing axons of the mature SNs synapse on second-order neurons in the MOB, suggesting that these SNs functionally project their axons not only to the AOB but also to the MOB in goats.
The projection of the Gα i2 -expressing SNs to the MOB has not been reported in mammals except for cells of the mouse Grueneberg ganglion; these cells concomitantly express Gα o and Gα i and project their axons to the OB [2] . In goats, however, no Grueneberg ganglion has been identified, and Gα o was not expressed in the Gα i2 -immunoreactive clusters in the MOB (data not shown). Considering that the V1R/Gα i2 -expressing SNs are found in both VNO and OE [11] , some V1R/Gα i2 -expressing mature SNs in the OE and/ or VNO are likely to project their axons to the MOB in goats. Previous reports showed that the OE is required to detect the male effect pheromone in goats and sheep [3] . We assume that the V1R/Gα i2 -expressing SNs in the OE take part in detecting pheromones under the natural social circumstances, where the levels of pheromones are so subtle, and that these SNs are involved in transmitting the pheromone information to the MOB. A coordinated dual (main and vomeronasal) olfactory system may play a vital role in detecting and perceiving pheromones in goat.
In any case, our results indicate that some Gα i2 -expressing SNs project their axons to the MOB and suggest that the chemical signals detected by the Gα i2 -expressing SNs are transmitted not only to the AOB but also to the MOB. To understand the function of the Gα i2 -expressing SNs that project their axons to the MOB, it is important to determine the olfactory organs from which these Gα i2 -expressing axons in the MOB are derived and what types of chemical signals these Gα i2 -expressing SNs receive. These types of studies will give us new insight into how the chemosensory systems in mammals function.
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